Visual information processing contains two opposite needs. There is both a need to comprehend the richness of the visual world and a need to extract only pertinent visual information to guide thoughts and behavior at a given moment. I argue that these two aspects of visual processing are mediated by two complementary visual systems in the primate brain-specifically, the occipitotemporal cortex (OTC) and the posterior parietal cortex (PPC). The role of OTC in visual processing has been documented extensively by decades of neuroscience research. I review here recent evidence from human imaging and monkey neurophysiology studies to highlight the role of PPC in adaptive visual processing. I first document the diverse array of visual representations found in PPC. I then describe the adaptive nature of visual representation in PPC by contrasting visual processing in OTC and PPC and by showing that visual representations in PPC largely originate from OTC. 
INTRODUCTION
Most of the information that we glean from the world comes from vision. Visual information processing, however, contains two opposing needs. On one hand, there is a need to understand the richness of the visual input at multiple distinctive levels to be well informed of our environment, including the texture and material properties of objects and surfaces, individual objects of different kinds, configurations and interactions among objects, and the entire ensemble of objects that defines a scene. As the demand of visual processing varies at these distinct levels, different computational algorithms and thus different specialized neural circuits and brain regions may be needed to process the diverse and progressively more complex visual information. On the other hand, at any given moment, only a fraction of the visual input may be useful to guide our thoughts and actions. Having the entire visual input available could be distracting and disruptive. To extract the most useful information at each moment, visual processing needs be selective and adaptive.
Here I propose that these two opposing needs of visual information processing are instantiated by two visual processing systems in the primate brain. The first system, located in the occipitotemporal cortex (OTC), is the invariant visual processing system, capable of providing a detailed analysis of the visual world. The second system, located in the posterior parietal cortex (PPC), is the adaptive visual processing system, which extracts salient and task-relevant visual information and protects against decay and distraction to guide our thoughts, enable task performance, and, if needed, produce a timely and appropriate action. Having these two complementary visual processing systems provides us with a stable representation of the visual environment and, at the same time, allows us to interact flexibly and efficiently with the world (Figure 1) .
Decades of neuroscience research have extensively documented the role of OTC in visual processing (Kravitz et al. 2013) . By reviewing recent evidence from human imaging and monkey neurophysiology studies, here I highlight the role of PPC in adaptive visual processing. I first document the diverse array of visual representations found in PPC. I then describe the adaptive nature of visual representations in PPC by contrasting visual processing in OTC and PPC and presenting evidence to show that visual representations in PPC largely originate from OTC.
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Figure 1
Illustration of the invariant versus adaptive nature of visual information processing. Whereas visual representations in the occipitotemporal cortex (OTC) are largely invariant and more faithfully reflect the quality of visual input that is general as well as context and task invariant, those in the posterior parietal cortex (PPC) are adaptive and represent salient and task-relevant visual information. Figure adapted 
DIVERSITY AND TOLERANCE OF PPC VISUAL REPRESENTATION
Over the past two decades, a host of monkey neurophysiology and human imaging studies have documented the detailed representation of action-independent nonspatial visual information in the primate PPC, especially in areas along the intraparietal sulcus (IPS). These representations range from simple features such as orientation and color to highly complex ones like identity and category membership.
Anatomical Considerations
Before describing the richness of visual representations found in PPC, it is important to highlight two discoveries made within the past two decades in the human PPC regions involved in visual processing. First, Sereno et al. (2001) reported the existence of a topographic map along IPS. Subsequent studies then documented multiple maps, going from V3A, V3B, and IPS0 in the inferior IPS region to IPS1-IPS4 and beyond in the superior IPS region (Silver & Kastner 2009 ). Topographic maps have also been identified in macaque IPS (Arcaro et al. 2011) , but with relatively poor alignment to IPS regions as defined by Lewis & Van Essen (2000) using architectonic subdivisions [e.g., the lateral intraparietal (LIP) area showed only a partial overlap with one of the IPS maps]. This suggests that topographic maps may reflect only spatial processing and may not fully capture all functional subdivisions with PPC (see also Bettencourt & Xu 2016a,b) .
Second, by correlating behavioral performance and fMRI response amplitudes across the whole brain, research in visual working memory (VWM; also termed visual short-term memory) has identified a region in the superior part of human IPS (henceforth referred to as superior IPS for simplicity) that tracks the amount of visual information stored in VWM (Todd & Marois 2004 Xu & Chun 2006; Xu 2007 ; see also Sheremata et al. 2010 ). This discovery is significant because, despite sustained response observed in PPC neurons in monkey neurophysiology during VWM tasks (e.g., Sereno & Maunsell 1998) , VWM storage had been regarded as a function primarily ascribed to primate prefrontal cortex (PFC). These studies highlight the importance of PPC in VWM storage. More supporting evidence from monkey neurophysiology and human fMRI decoding studies is presented below.
In human studies, although some have examined the entire PPC as a single brain region or have reported visual representations across multiple IPS regions, visual representations appear to be the most robust and converge in either the VWM capacity-defined superior IPS or IPS topographic areas IPS1 and IPS2 as detailed below (Konen & Kastner 2008b , Xu 2010 , Jeong & Xu 2013 , Xu & Jeong 2015 , Bettencourt & Xu 2016a . In monkey studies, action-independent nonspatial visual responses have been reported largely from the LIP area. Because superior IPS partially overlaps with topographic maps IPS1/IPS2 (Bettencourt & Xu 2016b) , and macaque LIP is considered the homolog of human IPS1/IPS2 (Silver & Kastner 2009 ), roughly the same PPC area in both the macaque and human brain appears to be involved in representing action-independent nonspatial visual information (see Figure 2) . OTC and PPC in (a) macaque and (b) human brain. In both macaque and human PPC, there is a posterior space-dominated processing zone and an anterior and medial action-dominated processing zone surrounding a visual processing convergent zone that carries robust action-independent nonspatial visual representations. This zone is additionally flanked laterally by regions involved in attention and cognitive control. Abbreviations: IPS, intraparietal sulcus; OTC, occipitotemporal cortex; PPC, posterior parietal cortex. PPC to gray-scaled object images. Interestingly, the magnitudes of the adaptation responses were comparable to those obtained in the macaque IT cortex and the human lateral occipital complex (LOC), an OTC object-selective region. In similar passive viewing and active fixation tasks, these fMRI adaptation results were replicated and further extended to both novel and familiar 2D and 3D objects (Figure 3b ) in topographically defined human IPS areas V3A and IPS0-IPS2 (Konen & Kastner 2008b ). IPS1 and IPS2 additionally showed tolerance to changes in size and viewpoint (Figure 3b ) that was comparable to that found in LOC.
Using fMRI multivoxel pattern analysis (MVPA), we (Xu & Jeong 2015) examined shape decoding in the VWM capacity-defined superior IPS. By asking observers to detect a back-toback repetition of the exact same exemplar (i.e., one-back repetition detection task) for objects such as bikes, shoes, guitars, and couches (Figure 3c) , successful decoding for these real-world object shapes was identified in superior IPS (Xu & Jeong 2015) . Robust MVPA decoding of shapes in PPC was also reported when observers attended to one of two overlapping simple 2D shapes (Hou & Liu 2012 ) and when observers categorized 3D novel shapes (Woolgar et al. 2015) . By Diverse set of action-independent nonspatial visual stimuli represented in the posterior parietal cortex. (a) Simple 2D geometrical shapes used in Sereno & Maunsell (1998) . (b) Examples of complex 2D familiar shapes, 2D and 3D novel shapes, and shapes with size and viewpoint changes used in Konen & Kastner (2008b) . (c) Examples of the everyday objects used in Xu & Jeong (2015) . (d) Examples of oriented gratings used in Bettencourt & Xu (2016a) . (e) Examples of famous face images, which varied in viewpoints and expressions, and well-known car images, which varied in viewpoints and background scenes, used in Jeong & Xu (2016) . ( f ) Arbitrary shape categories used in Fitzgerald et al. (2011) . ( g) Natural object categories with exemplars varying in viewpoint and pose (for animals only) used in Vaziri-Pashkam & Xu (2017) . (h) Manmade objects used in Bracci et al. (2017) .
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examining fMRI response patterns during the VWM delay period, representations of rotationinvariant and rotated simple 2D shapes as well as abstract shape patterns depicted by colors were also found in PPC (Christophel et al. 2012 (Christophel et al. , 2015 (Christophel et al. , 2018 . Besides 2D and 3D shapes, the decoding of orientation, a special type of shape feature, has also been reported in PPC. For example, we (Bettencourt & Xu 2016a ) observed successful decoding of the orientations of grating stimuli (Figure 3d ) in superior IPS during the delay period of a VWM task. Similar orientation decoding in PPC during VWM has also been reported by others (Ester et al. 2015 Yu & Shim 2017) .
Together, results from single-cell recording, fMRI adaptation, and fMRI MVPA across a variety of different behavioral paradigms employed all reported the direct representation of shape features in PPC. Importantly, some of these studies showed that PPC shape representations are tolerant to changes in image variations such as size and viewpoint, similar to those found in OTC.
Color
By making a color-cue task relevant in a saccade task, Toth & Assad (2002) were the first to report differential responses of macaque LIP neurons to different colors. Color-driven LIP responses have also been documented subsequently in VWM tasks (Buschman et al. 2011 , Ibos & Freedman 2014 . In human fMRI MVPA studies, successful color decoding in PPC was reported in an attention task in which observers attended to one of two overlapping colored dots (Liu et al. 2011) and in VWM tasks in which observers remembered colors during VWM delay (Weber et al. 2016 , Yu & Shim 2017 . Further analysis showed that lower VWM color decoding in the left parietal area 7A was correlated with lower precision and higher precision variability measured in behavioral VWM color performance (Weber et al. 2016) . Thus, in both monkey and human PPC, direct representation of color information has been found in PPC across different experimental methods.
Motion
The representation of motion stimuli has also been documented in PPC. Macaque LIP neurons exhibit selectivity to directions of motion in both a passive viewing task and an active task involving direction discrimination (Williams et al. 2003 , Fanini & Assad 2009 , Sarma et al. 2016 . Similarly, fMRI decoding studies revealed that human PPC contains representations for direction of motion when observers attended to one of two overlapping directions of motions (Liu et al. 2011) . PPC also contains representations for complex motion flow fields (defined by the spatial patterning of motion trajectories of random dots) when observers had to remember the motion flow fields during VWM delay (Christophel & Haynes 2014) . Direction of motion is thus another visual feature that can be represented in monkey and human PPC.
Object Identity
One of the greatest accomplishments of OTC visual processing is its ability to form object identity representations independent of low-level feature changes. Face identity representation is a particular challenge here, owing to both the similarity between faces with different identities and the variations in face images associated with the same identity. These variations include changes such as viewpoint, expression, hairstyle, and age. To overcome this computational challenge, a set of specialized OTC regions are involved in face processing, such that damage to these regions significantly impairs face perception but not nonface object perception (Duchaine & Yovel 2015 ; see also Zhang et al. 2015) . In an fMRI MVPA study, we ( Jeong & Xu 2016 ) presented images of famous faces varying freely in viewpoint, hairstyle, facial expression, and age (Figure 3e) and observed significant face identity decoding in superior IPS. Specifically, two sets of face images from the same identity elicited more similar fMRI response patterns than did two sets each from a different identity. Similar identity decoding was also found for well-known cars embedded in different scenes and shown from different viewpoints and sizes (Figure 3e) . Critically, we found that face identity representation held in superior IPS closely tracked behaviorally perceived face identity similarity, such that two faces that were more perceptually similar (as measured in a behavioral visual search task) also elicited more similar fMRI response patterns in superior IPS ( Jeong & Xu 2016) . Thus, even for visual features as abstract and complex as object identity, PPC is able to represent them.
Category
The representation of abstract visual features in PPC may also be studied by asking whether category membership can be directly represented in this brain region. Freedman & Assad (2006) were the first to show that after macaques were trained extensively to form two motion categorieseach associated with a range of motion directions-LIP neurons exhibited categorical tuning responses according to the trained category boundary in a delayed match-to-category task. In a later study, LIP neurons exhibiting categorical responses to trained motion categories also showed categorical responses to pairs of arbitrarily associated shapes (Fitzgerald et al. 2011 ) (see Figure 3f ). Consistent with these LIP results, we found successful decoding of natural and artificial object categories in human PPC in a one-back repetition detection task, even though the exemplars used for each category varied in identity, pose (for faces and animals), expression (for faces), and viewpoint (Vaziri-Pashkam & Xu 2017 , 2018 ) (see Figure 3g) . Moreover, PPC representation of natural object categories was tolerant to changes in image size and position, similar to those found in higher OTC regions (Vaziri-Pashkam & Xu 2018) . Besides category boundaries, semantic similarities and the hand action/manipulation similarities among manmade objects (Figure 3h ) can also be represented in PPC when the task requires observers to make a similarity judgment on those dimensions (Bracci et al. 2017) . A further study reported that target/nontarget category distinction was represented in PPC as well (Erez & Duncan 2015) .
Collectively, evidence from both monkey and human studies show that PPC is capable of directly representing a diverse set of visual features, ranging from single features, such as shape, color, or motion, to complex ones, including identities and categories (Figure 3) . Moreover, these representations exhibit tolerance to image transformations such as viewpoint, size, and position. If representational diversity and tolerance to image transformation are hallmarks of OTC visual representations, then PPC appears to be equally competent in encoding such representations. Importantly, although PPC has previously been associated with sensorimotor transformation and action planning (Andersen & Cui 2009 , Gottlieb & Balan 2010 , Goodale 2014 , in many tasks reporting visual representations, a motor response was unnecessary (e.g., in a passive viewing task), could not be formed until much later (e.g., during the delay period of a VWM task), or was identical for all the stimuli used (e.g., in a one-back repetition detection task). Thus, PPC responses described here reflect visual representations, rather than action-related responses.
THE ADAPTIVE NATURE OF PPC VISUAL REPRESENTATIONS
For a visual processing system to be adaptive and goal-directed, it needs to be under greater task and attentional control and must be able to better protect task-relevant visual processing and resist distraction. Additionally, because visual input may be transient but mental processing often takes time, an adaptive visual processing system should be able to accumulate and sustain useful www.annualreviews.org • A Tale of Two Visual Systemsvisual representation for a prolonged period of time in VWM. PPC visual representations exhibit both of these characteristics; thus, compared with OTC, PPC is better suited for adaptive visual processing.
Task and Attentional Modulations
Attention and task have long been known to modulate visual responses in PPC. In monkey neurophysiology studies, many LIP neurons exhibited selectivity to shape, color, motion direction, and motion category only when such information became task relevant (Eskandar & Assad 1999 , Toth & Assad 2002 , Freedman & Assad 2006 , Sarma et al. 2016 . Similarly, in human PPC, fMRI MVPA decoding of color, orientation, shape, motion, and category may be present only when these features were attended to or task relevant (Liu et al. 2011 , Hou & Liu 2012 , Xu & Jeong 2015 , Bracci et al. 2017 , Yu & Shim 2017 . Attention and task also influence feature and object processing in OTC, with attended-to object features eliciting a stronger response amplitude or representation (as measured by fMRI adaptation or pattern decoding) than do unattended ones (O'Craven et al. 1999 , Murray & Wojciulik 2004 , Reddy et al. 2009 ). Nevertheless, when directly comparing OTC and PPC, the effects of attention and task on object representation are in general greater in PPC than in OTC (Bracci et al. 2017 , Jeong & Xu 2017 , Vaziri-Pashkam & Xu 2017 ).
To examine how task and attention may directly modulate object representation in OTC and PPC, in the same study described earlier in which we examined the representation of natural object categories in human PPC (Vaziri-Pashkam & Xu 2017), we additionally manipulated whether object shape or color was task relevant. We showed participants in different blocks a sequential presentation of different exemplars from the same object category and used exemplars from eight common object categories. We asked participants to attend to either the object shape or color of the exemplars by performing a one-back repetition detection task on the attended-to feature (VaziriPashkam & Xu 2017) . We varied the strength of feature conjunction in three experiments, making color and shape partially overlapping, overlapping but on separate objects, or fully integrated (Figure 4) . We used the averaged fMRI responses from a block of exemplars as the fMRI response pattern for that object category. We then obtained pairwise fMRI MVPA decoding accuracy in both OTC and PPC for the eight object categories used in the experiment. Although there was an overall effect of attention and task with higher object category decoding in the shape rather than color task in both OTC and PPC, the effect was significantly greater in PPC than in OTC. This task and attention effect was additionally modulated by the strength of feature conjunction, which was strongest when features were less conjoined and was diminished when features were fully conjoined, thus reflecting the well-known object-based feature encoding effect (e.g., Duncan 1984 , Luck & Vogel 1997 , O'Craven et al. 1999 ). These decoding results were seen in both the direct decoding of object categories within each task and in cross-decoding in which the classifier was trained with the categories on one task and tested with those on the other task. By comparing the same object category across the two tasks, we additionally found an overall significantly stronger task context decoding in PPC than in OTC. Critically, whereas category decoding was much greater than task decoding in OTC, task decoding was either stronger or comparable to category decoding in PPC.
These results may be best illustrated using multidimensional scaling (MDS) in which the two dimensions that captured most of the representational variance among the eight categories in a brain region are projected onto a 2D surface with the distance between each pair of categories on this surface reflecting the similarity between them (Vaziri-Pashkam & Xu 2017). In these MDS plots (Figure 4) , object categories from the two attention conditions appeared to spread out to a similar extent in two representative OTC regions: V1 and posterior fusiform (pFs). However, the spread was much greater in superior IPS when shape, rather than color, was attended to and when the two features were less integrated. This shows that task and attention play a more dominant role in determining the distinctiveness of object representation in superior IPS than in V1 or pFs. Additionally, whereas object representations from the two attention conditions overlapped extensively in V1 and pFs, they were completely separated in superior IPS regardless of the amount of feature integration. Thus, whereas the representational structures of V1 and pFs predominantly reflect the differences among objects, that of superior IPS reflects both the differences among objects and the demand of visual processing. Object representation, therefore, appears to be more adaptive and task sensitive in PPC than in OTC. Attention and task modulation of human posterior parietal cortex (PPC) object category representation from Vaziri-Pashkam & Xu (2017) . Here participants attended to either object shapes or colors by detecting a back-to-back repetition of the attended feature (i.e., a repetition of the same shape or color). The strength of color and object shape conjunction varied from (a) partially overlapping, to (b) overlapping but on separate objects, to (c) being fully integrated. Pairwise fMRI multivoxel pattern analysis decoding accuracy was obtained in both the occipitotemporal cortex (OTC) and PPC for eight common object categories: faces (FA), bodies (BD), cats (CT), elephants (EL), scissors (SC), chairs (CH), cars (CR), and houses (HO). Using multidimensional scaling (MDS), the two dimensions that captured most of the representational variance among the eight categories in a brain region were projected onto a 2D surface with the distance between each pair of categories on this surface reflecting the similarity between them. In these MDS plots, (a-c) object categories from the two attention conditions appeared to spread out to a similar extent in V1 and posterior fusiform (pFs), but (a,b) the spread was much greater in the superior intraparietal sulcus (IPS) when shape, rather than color, was attended to and when the two features were less integrated. Attention thus plays a more dominant role in determining the distinctiveness of object representation in superior IPS than in V1 or pFs. Additionally, (a-c) although object representations from the two attentional conditions overlapped extensively in V1 and pFs, they were completely separated in superior IPS. Thus, whereas the representational structures of V1 and pFs predominantly reflect the differences among the objects, that of superior IPS reflects both the differences among the objects and the goal of visual processing. Object representation appears to be more adaptive and task sensitive in PPC than in OTC. These results are further quantified by detailed decoding analyses (see Vaziri-Pashkam & Xu 2017 ).
The sensitivity of PPC visual representation to task context was also found independently in another study examining how PPC representations of single objects may predict those of multiple objects ( Jeong & Xu 2017) . In OTC, the neural representation of a pair of unrelated objects can be approximated by the averaged neural representation of the constituent objects shown in isolation, indicating the existence of a normalized response-averaging mechanism (Zoccolan et al. 2005; MacEvoy & Epstein 2009 Reddy et al. 2009 ). We asked observers to attend to either one or two streams of sequentially presented objects and perform a one-back repetition detection task. Each stream contained different exemplars from the same object category. fMRI responses from the entire stream or streams were then averaged to derive the response pattern for a particular object or a pair of objects. In the lateral occipital object processing region, fMRI response patterns for object pairs could be approximated by the averaged response patterns of the constitute objects shown alone. This simple linear relationship was not found in PPC ( Jeong & Xu 2017) . However, attending to two streams of objects was more attentionally demanding and involved a different task context than attending to a single stream. When we equated the amount of task demand and context by examining responses from two pairs of objects, we found that representations for the average of two object pairs was indistinguishable in PPC from the average of another two object pairs containing the same four component objects but with a different pairing of the objects (i.e., the average of AB and CD versus that of AD and CB) ( Jeong & Xu 2017) . Thus, with the task demand and context held consistent, the same linear relationship between object pairs and single objects exists in both PPC and OTC. These findings show that object and task representations coexist in PPC, consistent with our other study (Vaziri-Pashkam & Xu 2017) .
Aside from our study, a few other human fMRI decoding studies have also examined the effect of task and attention on OTC and PPC visual representations. Harel et al. (2014) averaged over three physical and three conceptual tasks and observed task-independent object decoding in several OTC regions and PPC. However, by including a large number of conceptual tasks in the overall average, object-based encoding was likely overrepresented, obscuring any effect of task modulation. Nevertheless, even in conceptual tasks, using a more sensitive measure correlating the neural representational similarity with either category or action similarity among a group of 28 manmade objects, Bracci et al. (2017) found that PPC object representational structure tracked only the task-relevant conceptual information associated with each object. In comparison, task modulation was smaller in OTC with irrelevant object information always represented there.
Together, these results show that task and attention play a greater role in modulating visual representation in PPC than in OTC. Compared with OTC, this makes PPC visual representations more adaptive and dynamic.
Visual Working Memory Representations
VWM is critical to adaptive visual processing, as it can sustain task-relevant visual information for a prolonged period of time when such information is no longer in view. This allows observers to make better use of the pertinent visual input to support goal-directed behavior and thoughts.
Although VWM has traditionally been associated with PFC (Goldman-Rakic 1995, Fuster 2001), as mentioned briefly above, by correlating fMRI response amplitude and behavioral VWM capacity estimates in a whole-brain analysis, Todd & Marois (2004 reported that bilateral regions in superior IPS faithfully tracked VWM capacity and capacity variations among participants. We varied the complexity of the shape stimuli encoded in VWM and found that, mirroring behavioral performance, fMRI response amplitudes in VWM-defined superior IPS plateaued at a higher set size for simple shape stimuli but at a lower set size for complex ones (Xu & Chun 2006) . Although LOC, an OTC object shape-processing region, also exhibited a similar overall response profile, it was much less robust than that observed in superior IPS. In a subsequent color VWM study, whereas superior IPS responses reflected only the encoding of the task-relevant object color, those of LOC reflected the encoding of object shapes even when they were task irrelevant (Xu 2010) . Superior IPS was also better than LOC at suppressing distractor shapes shown in a different color during target shape encoding in a shape VWM task with cuing ( Jeong & Xu 2013) . Compared with OTC, PPC is thus more adaptive and under better attention and task control during VWM-related processing.
Using fMRI MVPA, recent research has shown that the content of VWM can be robustly decoded from early visual areas during the delay period (Harrison & Tong 2009 , Serences et al. 2009 ), suggesting that OTC may also participate in VWM storage (D'Esposito & Postle 2015, Serences 2016 , Christophel et al. 2017 . Given that distractors are ubiquitous in everyday vision, we decided to test the storage of VWM content when distractors were shown during the delay period (Bettencourt & Xu 2016a) . We used an orientation VWM task modeled after Harrison & Tong (2009) . In this task, observers were asked to remember the precise orientation of a grating during an extended delay period (11 s) and then judged whether the probe grating presented at the end of the delay period rotated slightly either clockwise or counterclockwise (3
• or 6
• of rotation) compared with the remembered grating.
Orientation decoding during the VWM delay period for trials with an unfilled delay was compared with those that had a distractor-filled delay containing a sequential presentation of either faces or gazebos. In the first experiment (Bettencourt & Xu 2016a) , we made distractor presence in a trial completely predictable by blocking trials with and without distractors. In trials without distractors, VWM decoding in early visual areas was high and comparable to what was previously reported (Harrison & Tong 2009 ). However, in trials with distractors, VWM decoding in early visual areas dropped significantly and became indistinguishable from chance-level performance (Bettencourt & Xu 2016a) . Meanwhile, distractor presence had no impact on behavioral performance. Thus, there is dissociation between VWM decoding in early visual areas and behavioral performance, which suggests that the representations held in early visual areas are prone to distraction and cannot support robust storage of VWM.
In the second experiment (Bettencourt & Xu 2016a) , instead of making the distractor presence predictable by blocking trials with and without distractors, we randomly intermixed the two trial types. Again, we found that distractors had no effect on behavioral performance. Interestingly, we obtained significant and comparable VWM decoding in early visual areas for both trial types during the delay period. However, decoding for trials without distractors was significantly lower for those in the second than in the first experiment. That is, even when distractors were not shown, knowing that distractors might be present significantly weakened VWM decoding in early visual areas. These results show that VWM representations in early visual areas are heavily modulated by both the presence and the predictability of the distractors. Meanwhile, because behavioral performance was unaffected, early visual areas are unlikely to have served as the primary storage site for VWM. In contrast to early visual areas, we successfully obtained VWM decoding in superior IPS irrespective of the presence and predictability of the distractors (Bettencourt & Xu 2016a) . In other words, VWM decoding in superior IPS, but not early visual areas, mirrored behavioral performance. We also found a close correlation between behavior VWM performance and the VWM representation held in PPC, such that two orientations eliciting a similar fMRI response pattern in superior IPS during the VWM delay period were also more often confused in a behavioral VWM change-detection task (Bettencourt & Xu 2016a) . Overall, these results show that PPC contains a more robust VWM code and is better suited to sustaining task-relevant visual information for a prolonged period of time and under distraction than are early visual areas.
These results are consistent with a review of more than 90 neurophysiological recording studies from the past four decades showing that it is rare to observe VWM-related sustained activity in early sensory areas and that, when such activity is observed, it typically does not reflect the content of VWM (Leavitt et al. 2017) . In my review of additional human behavioral and transcranial magnetic stimulation (TMS) studies, I also found very little evidence supporting the storage of VWM in OTC (Xu 2017 (Xu , 2018 . In contrast, several monkey neurophysiological studies have documented PPC's ability to sustain visual representation during the VWM delay period (e.g., Gnadt & Andersen 1988 , Quintana & Fuster 1992 Sereno & Maunsell (1998) were the first to observe sustained shape representation in LIP during the VWM delay period. Likewise, category response in LIP has always been measured during the VWM delay period of a delayed match-to-category task (Freedman & Assad 2006 , Fitzgerald et al. 2011 . In human imaging studies, others have also reported successful VWM-related decoding for a variety of visual information in human PPC, including spatial position, color, orientation, shape, abstract pattern, and view-invariant abstract shape (Christophel et al. 2012 (Christophel et al. , 2015 (Christophel et al. , 2018 Christophel & Haynes 2014; Sprague et al. 2014 Sprague et al. , 2016 Ester et al. 2015 Ester et al. , 2016 Weber et al. 2016; Yu & Shim 2017 ). As mentioned above, Weber et al. (2016) also showed that lower fMRI decoding of VWM content in left parietal area 7A was correlated with lower precision and higher precision variability measured in behavioral VWM performance. Consistent with the role of PPC in VWM storage, TMS to PPC affects VWM capacity (Emrich et al. 2017) .
How should we evaluate PPC's contribution to VWM in relationship to PFC? In VWM tasks involving nonspatial features, neurophysiological studies have reported that delay-period activity in PPC appears to play a more significant role than it does in PFC (Salazar et al. 2012 , Swaminathan & Freedman 2012 , Jacob & Nieder 2014 . Specifically, in a VWM task involving object shapes, an asymmetric task-dependent and content-specific frontoparietal synchronization was observed during the VWM delay period: Compared with PFC, PPC (especially LIP) exhibits greater effect on such synchronization (Salazar et al. 2012) . Likewise, in a delayed match-tocategory task, more reliable and shorter latency category signals were found during the delay period in LIP than in PFC (Swaminathan & Freedman 2012) . In a delayed match-to-numerosity task, whereas the VWM delay signal in PFC disappeared during the presence of a passively viewed distractor and reappeared when the distractor was removed, the delay signal in ventral intraparietal persisted even during distractor presence. Moreover, neuronal activity correlating with behavioral VWM performance appeared much earlier in ventral intraparietal than in PFC ( Jacob & Nieder 2014) . These results show that VWM delay-period signals in PPC are not triggered by feedback originating from PFC, but instead appear to play a critical role in VWM storage on their own.
Together, these studies show that PPC, rather than OTC, contains robust distractor-resistant VWM representations for nonspatial features during the delay period. This provides further support for the involvement of PPC in adaptive visual information processing. In addition, these PPC VWM representations do not appear to have originated from PFC, further highlighting the unique and significant involvement of PPC in VWM storage.
Anatomical and Structural Considerations
Compared with OTC, PPC has a number of design advantages, making it better suited for adaptive visual information processing. At the circuit level, a longer intrinsic timescale and stronger couplings between neurons have been observed in PPC than in sensory regions (Murray et al. 2014 , Runyan et al. 2017 . The dynamical properties that the PPC circuit exhibits have been argued to facilitate evidence accumulation in VWM (Morcos & Harvey 2016) . These characteristics enable PPC to form and sustain strong, stable, consistent, and integrated signals. Thus, compared with OTC, PPC is better suited to guide thoughts and behavior.
At the network level, PPC regions involved in robust representation of action-independent nonspatial visual information is surrounded by PPC regions involved in attention, action, and spatial processing. As shown in Figure 2 , the visual processing converging zone (superior IPS/IPS1/IPS2) in humans is bordered inferiorly and posteriorly by inferior IPS regions (inferior IPS/V3A/V3B/IPS0) involved in predominantly space-based visual processing (Xu & Chun 2006 , Bettencourt & Xu 2016b . It is sandwiched laterally by the superior parietal lobule and, on the right hemisphere only, by the temporoparietal junction, which gate the control of top-down and bottom-up visual attention and the shift of cognitive sets (Shomstein & Gottlieb 2016 ). This visual processing converging zone is further bordered anteriorly by anterior and medial IPS involved in eye movement, grasping, and reaching-related motor processing (Kastner et al. 2017) . With human IPS1/IPS2 being regarded as the homolog of macaque LIP (Silver & Kastner 2009 ) and human V3A/V3B/IPS0 as macaque caudal interparietal (CIP) (Durand et al. 2009 ), a similar organization scheme can be seen in macaques. Specifically, macaque IPS visual processing converging zone (LIP) is bordered posteriorly by CIP where 3D spatial processing has been documented (Grefkes & Fink 2005) , laterally by area 7a and DP involved in the shift of cognitive sets (Kamigaki et al. 2009 (Kamigaki et al. , 2011 , and anteriorly and medially by anterior intraparietal (AIP) area and medial intraparietal area associated with grasping and reach (Grefkes & Fink 2005 , Culham & Valyear 2006 . Both macaque LIP and human IPS1/IPS2 also contain saccades-related signals (Grefkes & Fink 2005 , Konen & Kastner 2008a . Thus, in both human and macaque PPC, a posterior space-dominated processing zone and an anterior and medial action-dominated processing zone surround a visual processing converging zone that carries robust action-independent nonspatial visual representations. This zone is additionally flanked by regions involved in attention and cognitive control. This anatomical arrangement makes PPC an ideal brain region for adaptive visual processing in which input to PPC may be easily gated by attentional control and output from PPC can be rapidly used to guide the execution of appropriate actions.
From a global network perspective, PPC as a whole is situated at an ideal anatomical location, with its close connections to sensory, motor, and frontal control regions, further facilitating rapid information accumulation, efficient control, and the transformation of visual information into appropriate actions. PPC, together with PFC, forms part of the task-positive network (Fox et al. 2005) or the multiple-demand network (Duncan 2010) , a set of brain regions long known to be involved in the performance of a variety of tasks, including abstract problem solving beyond sensory-motor transformation. Network analysis further reveals that the frontoparietal network (FPN) in particular has among the highest global connectivity with other regions compared with other networks in the brain; FPN also changes its functional connectivity with other regions depending on the task being performed, thus allowing FPN to coordinate multiple brain regions during task performance (Power et al. 2011 , Cole et al. 2013 .
In contrast, the early and intermediate regions of OTC receive largely indirect feedback from task-positive regions. This lack of direct feedback could protect OTC and allow it to more faithfully reflect the quality of the visual input that is more general as well as context and task invariant (Kravitz et al. 2013) . Such an anatomical arrangement supports the role of OTC in invariant visual processing. This may also explain why feedback-dependent changes, such as learning, are generally smaller and require more time to develop in OTC (Op de Beeck & Baker 2010). Lastly, whereas PPC contains a relatively small visual processing zone, OTC contains a large swath of cortex with areas specialized for processing different types of visual input (Kravitz et al. 2013) . This is consistent with PPC being involved in representing salient and task-relevant visual information, whereas OTC is involved in processing diverse visual input at multiple distinctive levels.
Collectively, evidence from attention and VWM studies as well as anatomical and structural analyses supports the adaptive nature of PPC visual representations. Together, these results argue that PPC is better suited than is OTC to supporting adaptive and online processing of visual information and the usage of such information to guide thoughts and behavior.
THE ORIGIN OF PPC NONSPATIAL VISUAL REPRESENTATIONS
Where do nonspatial visual representations in PPC originate? Given OTC's specialization in processing and analyzing the diverse array of visual input, the assumption here is that nonspatial visual representations in PPC come from OTC and are uploaded into PPC according to tasks and the behavioral goals of the observer. Here I provide anatomical and functional evidence supporting this view. I also reevaluate prior evidence taken to show the existence of OTC-independent visual representations in PPC.
OTC-Dependent Visual Representations in PPC
Extensive anatomical connections exist between OTC and PPC in both monkey and human brains and allow for rapid information exchange between these regions. In macaques, area LIP receives strong visual input from multiple visual areas, including early visual areas V2, V3, V3A, and V4; the middle temporal area; and inferior temporal areas TEO and TE (Felleman & Van Essen 1991 , Webster et al. 1994 , Lewis & Van Essen 2000 . Visual areas V1, V2, V3, and V3A are also reciprocally connected to area V6, which in turn is connected to IPS regions and V6A (Galletti et al. 2001) . In humans, strong connections have been found between posterior IPS regions and extrastriate visual regions as well as between anterior IPS regions and prefrontal regions (Bray et al. 2013 , Greenberg et al. 2012 , Mars et al. 2011 . A major white matter pathway, the vertical occipital fasciculus, also connects hV4/VO-1 and V3A/V3B topographic maps (Yeatman et al. 2012 , Takemura et al. 2016 ). This pathway likely plays an important role in information transmission between OTC and PPC regarding object form, identity, color, and location.
The extensive anatomical connections between OTC and PPC can easily account for PPC's ability to represent a diverse array of nonspatial visual information in VWM: PPC can simply upload relevant information from early visual and ventral regions when it is needed.
SIMULTANAGNOSIA AND SPATIAL NEGLECT
Patients with bilateral, or sometimes unilateral, parietal lesions can suffer from simultanagnosia, an inability to perceive multiple simultaneously presented objects. Meanwhile, these patients can perceive and recognize a single object, whether it is simple or complex (Coslett & Saffran 1991 , Humphreys et al. 1994 ). This peculiar behavior deficit demonstrates dissociation between object selection and identification (Xu & Chun 2009 , Mazza 2017 , with these patients showing an impairment in selecting, individuating, and registering multiple visual objects but an intact ability to perceive and identify an object once it has been encoded. Simultanagnosia, together with a set of other motor-related behavioral deficits, constitutes Balint's syndrome. Parietal and prefrontal lesions can also result in spatial neglect, an inability to attend and process visual information at a specific visual field. When visual information is presented at the "good" visual field, perception is largely unimpaired. Spatial neglect is considered to reflect a deficit in the spatial selection of visual information (Corbetta & Shulman 2002 .
Viewpoint-invariant face identity representation in superior IPS further indicates this transfer of information from OTC to PPC ( Jeong & Xu 2016) . Face processing involves a complex network of specialized brain areas, with viewpoint-invariant identity representations emerging only at the final stages of processing (Duchaine & Yovel 2015) . It would be difficult to imagine that PPC duplicates the entire OTC face-processing circuitry to generate its own face identity representation. More likely, PPC simply uploads the outputs from OTC according to the task demand. Likewise, given that object-pair association through learning modulates responses in IT neurons via long-term memory (Sakai & Miyashita 1991) , such information is likely relayed to LIP in the delayed match-to-category task after macaques have been extensively trained to perform this task (Fitzgerald et al. 2011) , rather than computed and stored entirely independently in LIP.
Supporting information transmission from OTC to PPC, damage to the right lateral fusiform gyrus in a human patient resulted in reduced activation in PPC (Konen et al. 2011) . By contrast, damage to PPC does not abolish perception, but instead significantly impacts the ability to interact adaptively and efficiently with visual information. For example, patients with simultanagnosia due to PPC lesions (see the sidebar titled Simultanagnosia and Spatial Neglect) often failed to encode the task-relevant stimulus when a competing distractor stimulus was present (Humphreys et al. 1994 ; see also Coslett & Saffran 1991) . Likewise, the amount of IPS damage in spatial-neglect patients has been linked to the amount of slowing in detecting a contralesional target (Ptak & Schnider 2011 ; see also Gillebert et al. 2011) . Supporting evidence has also been reported in monkey studies. In one study, LIP inactivation did not abolish perception but decreased visual search efficiency in the contralateral visual fields (Wardak et al. 2004) . In another study with three separate tasks involving limb motor planning, the estimation of elapsed time, and reward-based decisions, temporary LIP inactivation affected the selection of contralateral targets but not other aspects of the tasks (Balan & Gottlieb 2009 ).
The existence of close anatomical connections between PPC and OTC, the complexity of the visual stimuli that PPC is able to represent, and results from lesion studies all suggest that visual representations in PPC originate from OTC.
Reevaluating OTC-Independent Visual Representations in PPC
Several previous proposals have argued for the existence of OTC-independent visual representations in PPC (Goodale & Milner 1992 , Goodale 2014 , Freud et al. 2016b . Goodale et al. (1991) reported a patient DF who, after bilateral damage to OTC, could no longer recognize visually www.annualreviews.org • A Tale of Two Visual Systemspresented everyday objects or judge the size of the objects shown to her. Nevertheless, she could accurately grasp these objects with appropriate hand postures, such as adjusting the opening of her hand according to the width of the objects and rotating her hand and wrist normally according to the orientations of the objects (Goodale et al. 1991 (Goodale et al. , 1994 ; see also Whitwell et al. 2014 ). These observations have given support to the proposal that vision for action depends on PPC mechanisms that are separable from higher OTC mechanisms mediating vision for perception (Goodale & Milner 1992 ; see also Goodale 2014) . MRI studies have localized DF's brain damage to the lateral occipital region, an OTC visual object processing area ( James et al. 2003 , Bridge et al. 2013 ), but also showed largely intact ventral portions of topographic areas V1, V2, V3, and V4 (Bridge et al. 2013) . This raises the possibility that grasp-related visual information such as size and orientation could be computed in early visual areas and relayed to dorsal regions without a need to further compute such information independently in dorsal regions (Bridge et al. 2013) . Consistent with this view, when the correct grasp movement required functional knowledge of the object (e.g., grasping the business end of a hammer), without the support of an intact lateral occipital region where such information is presumably represented, DF's grasp movement was impaired (Carey et al. 1996) . Thus, DF's grasp behavior closely followed what was spared and damaged in her early visual and higher OTC regions, suggesting that grasp-related visual information may not arise independently within PPC regions. Further studies showed that appropriate grasping of complex objects requires an intact OTC and close interaction between OTC and PPC, with greater influence of OTC on PPC than the reverse (Milner 2017; see also van Polanen & Davare 2015) .
In a more recent case study, Freud et al. (2016a) reported that LG, a patient with developmental visual object agnosia, also could not perceive objects but could properly grasp them. Functional fMRI scans revealed that LG, unlike DF, had normal V1 activities but decreased activities in areas V2-V4 (Gilaie-Dotan et al. 2009 ; see also Gilaie-Dotan 2016). Nevertheless, basic visual information extracted from V1 and residue information from V2-V4 relayed to PPC may be sufficient to guide grasp without additional neural processing in PPC. Some functions normally carried out by V2-V4 may also be remapped onto adjacent ventral cortical regions during development. In another study, patients with object recognition impairments following OTC damage were shown to have normal responses in their PPC and exhibit behavioral sensitivity to the 3D structures of objects (Freud et al. 2017) . However, unimpaired object responses were detected from patients' right lateral occipital region and could be driving both the PPC and behavioral results without object representations necessarily being computed independently in PPC (see a similar comment from Milner 2017).
Grasp-related action has long been known to activate both macaque and human AIP (Grefkes & Fink 2005 , Culham & Valyear 2006 . Further research shows that macaque AIP neurons exhibit position-dependent object shape responses and selectivity for 3D shapes and can represent relatively simple object features such as aspect ratio and orientation as well as simple shape features, much like neurons in early visual areas ( Janssen et al. 2018) . In a study involving the discrimination between concave and convex 3D shapes, correlation between neural activity and behavioral choice appeared early and during perceptual decision formation in IT but later and after perceptual decision formation in AIP. These results indicate a role for IT, but not AIP, in 3D shape discrimination (Verhoef et al. 2010) . Supporting this conclusion, microstimulation of IT, but not AIP, causes monkeys both to choose the preferred 3D shape of the stimulated neurons more often and to become faster in making such choices (Verhoef et al. 2012 (Verhoef et al. , 2015 . These results suggest that 3D shape representations formed in AIP likely originate from OTC.
In a recent study, inactivation of macaque CIP decreased IT activity and caused a perceptual deficit in a 3D shape categorization task (Van Dromme et al. 2016 ). This result has been used to argue that PPC plays a critical role in 3D shape processing. It is important to note that the behavioral deficit resulted from CIP inactivation was very small (4% decrease in one monkey and 2% decrease in another monkey). Moreover, no other control conditions were tested, making it unclear whether CIP inactivation specifically affected 3D shape categorization, shape categorization in general, or any task requiring focused visual attention. CIP corresponds to the human topographic maps V3A/V3B/IPS0 (Durand et al. 2009 ). In our studies, we found that human inferior IPS (which overlaps with V3A/V3B/IPS0) (see Bettencourt & Xu 2016b) participates in the selection of multiple items via their locations when an observer is confronted with a crowded display (Xu & Chun 2006 , 2007 Xu 2008 Xu , 2009 ). This attentional selection mechanism in inferior IPS is consistent with the literature on human patients, with bilateral damage to inferior IPS often resulting in simultanagnosia and rendering patients incapable of perceiving more than one object at a time (Coslett & Saffran 1991 , Friedman-Hill et al. 1995 . The 3D shape images used in Van Dromme et al. (2016) were random-dot stereograms whose perception requires encoding and integrating visual information from multiple different spatial locations; this also applies to a number of other studies that have linked monkey CIP and human V3A/V3B/IPS0 to 3D processing (see Tsutsui et al. 2002 , Shikata et al. 2001 , Durand et al. 2009 , Georgieva et al. 2009 ). Thus, lesion to macaque CIP that results in impaired 3D shape processing may be related to an inability to perceive multiple simultaneously presented dots prior to the extraction of 3D information. The representation of disparity and 3D structure information has also been found extensively throughout OTC . The critical role of CIP in 3D shape processing and whether such information originates from CIP therefore require further detailed examination.
By contrasting pictures of tools and animals, researchers have observed stronger activation for tools than for animals in human PPC (Chao & Martin 2000 , Mruczek et al. 2013 ; see also Kastner et al. 2017 ). These findings have led to the view that PPC may be uniquely involved in tool representation. However, a recent voxel-based lesion study that included a large number (>70) of stroke patients showed that impaired access to tool-use knowledge was associated with lesions in the posterior middle temporal area but not in PPC (Buxbaum et al. 2014 ; see also Lingnau & Downing 2015). As described above, Bracci et al. (2017) also found that the representation of action information is present in PPC only when it is task relevant. These results show that, although tool-related information may be represented in PPC, it does not necessarily originate from there.
Overall, given the existence of extensive anatomical connections between OTC and PPC, available evidence indicates that nonspatial visual representations in PPC likely originate from OTC, rather than being computed independently within PPC.
A TALE OF TWO VISUAL SYSTEMS: INVARIANT AND ADAPTIVE VISUAL INFORMATION REPRESENTATIONS IN THE PRIMATE BRAIN
Here I propose that, in order for the primate brain to have a thorough understanding of our visual world and to use visual input effectively, primate vision must consist of two complementary visual systems: a largely invariant processing system involving OTC and a highly adaptive processing system involving PPC. Evidence from both monkey neurophysiology and human fMRI studies show that, just like OTC, PPC directly represents a diverse set of visual stimuli, ranging from simple features such as color, shape, and motion to complex ones, including object identity and abstract category membership. Moreover, visual representations in PPC exhibit substantial tolerance to changes in size and viewpoint, comparable to those in OTC. Despite these similarities, PPC also differs significantly from OTC in a few important aspects. PPC visual representations are under greater task and attentional control than those in OTC, and they are better sustained during VWM delay and distraction than in OTC. Selectively representing and sustaining visual information according to task demands are key characteristics of an adaptive visual processing system. Anatomically, regions involved in spatial-, attention-, and action-related processing at both the local and the global network levels surround the PPC region involved in representing action-independent nonspatial visual information. This enables better control of the content of PPC visual representations and the subsequent utilization of these representations to guide thoughts and behavior. In comparison, OTC is relatively isolated from such regions, allowing representations formed in OTC to more faithfully track the quality of visual input that is more general as well as context and task invariant. Whereas some previous studies have reported OTCindependent visual representations in PPC, a review of the evidence indicates that representations in PPC largely originate from OTC and critically depend on the integrity of OTC. PPC thus interacts closely with OTC and extracts task-relevant information from OTC during adaptive visual information processing. Overall, the evidence reviewed here supports the distinction between invariant and adaptive visual processing in the primate brain and their instantiation in OTC and PPC, respectively.
Understanding the neural mechanisms mediating adaptive visual processing has significant implications to how we may interpret behavioral effects and the functions of OTC regions. For example, the distractor interference effect during VWM delay has been used to support the storage of VWM in sensory regions. However, the interference could have easily occurred during adaptive visual processing in PPC. Such a behavioral effect thus cannot pinpoint the exact locus of interference in the brain and cannot be used to support the sensory account of VWM storage (Xu 2017 (Xu , 2018 . Similarly, a recent study showed electrical microstimulation of face patches in macaque IT cortex affects perception of both faces and objects, concluding that activity in face patches could affect perception of nonface objects normally represented elsewhere in IT cortex (Moeller et al. 2017) . Electrical microstimulation of the face patches could have evoked a face percept and competed with the actual object shown when the task was to match a sample object to a test object across VWM delay. The interference could thus occur during adaptive visual processing in PPC without needing to conclude that face patches are necessarily involved in the perception of nonface objects. Thus, understanding adaptive visual processing in the primate brain not only is informative, but may also be necessary if we want to fully understand the nature of visual processing in OTC.
Whereas the role of OTC in invariant visual processing has been firmly established (Kravitz et al. 2013) , prior monkey and human research associated PPC primarily with the representation of space (Mishkin et al. 1983 , Silver & Kastner 2009 , Kravitz et al. 2011 , attention (Corbetta & Shulman 2002 , Gottlieb & Snyder 2010 , Shomstein & Gottlieb 2016 , or action (Goodale & Milner 1992 , Andersen & Cui 2009 , Gallivan & Culham 2015 , Janssen & Scherberger 2015 , Kastner et al. 2017 . Nonspatial visual representations in PPC are not directly compatible with any of these prior views. Nevertheless, if we consider PPC as an adaptive visual processing center, then these diverse PPC functions can be easily accommodated within the same framework: An effective attention-gating mechanism, a flexible representation center, and a close connection with motor processing (all interacting closely with a space-based representation) are essential components of an adaptive visual processing system. Thus, an adaptive visual processing view of PPC not only helps us better understand the nature of visual representation in PPC, but also brings convergence to the diverse array of functions previously associated with PPC, allowing us to form an integrated view regarding the role of PPC in vision, cognition, and action. 4. PPC also represents features such as number/proportion ( Jacob et al. 2012 ) and confidence (Kiani & Shadlen 2009) , entities that are not readily available from the sensory input and require the accumulation and abstraction of sensory input. Does PPC's ability to accumulate information give rise to its ability to represent these abstract features?
5. Areas in the lateral IPS and angular gyrus have long been shown to be involved in longterm memory retrieval and recognition-related processes (Wagner et al. 2005 , Hutchinson et al. 2014 . Could these regions be part of the same network mediating the representation of task-relevant visual information with IPS receiving and retaining externally generated input, whereas these lateral PPC regions receive and retain internally generated or retrieved information?
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